It is considered good laboratory practice to design QC strategies-number of QC examinations, QC rules, and frequency of QC evaluations-to ensure that patient results meet the quality required for their intended use (1 ) . Many laboratories, however, continue to use a 1:2s QC rule for all analytes without considering the relationship of analytical performance to quality requirements. A 1:2s QC rule rejects results when any QC examination is either 2 SDs higher or lower than the QC target concentration.
One of the undesirable characteristics of the 1:2s QC rule is its high false-rejection rate (4.6% for 1 QC examination, 8.9% for 2 QC examinations, 13.0% for 3 QC examinations). A laboratory that examines 2 QC samples for 20 different analytes and applies a 1:2s QC rule should expect 1 or more analytes to give a QC rule rejection at every QC evaluation. To deal with this unacceptable frequency of false rejections, a common practice is to repeat the QC examination for any failing analytes and again apply the 1:2s rule (2 ) .
Clearly the continued repetition of quality control testing until the desired result is achieved is a misguided practice (3 ) , but what about a single planned repeat evaluation for a failing 1:2s QC rule? The QC performance characteristics of this practice have not been formally investigated. Therefore, we considered a number of alternative 1:2s repeatsampling strategies and objectively compared their performance characteristics.
Materials and Methods
We considered 4 different repeat-sampling strategies. In all cases, N QC concentration levels (n ϭ 2 or 3) were initially examined. Depending on the initial QC results, 1 or more QC examinations were repeated. The 4 repeat-sampling strategies are described in Table 1 . All 4 repeat-sampling strategies begin by comparing the results at each concentration level of control material to within 2 SD limits. The differences between the 4 repeat-sampling strategies are defined by what decisions can be made on the basis of the first sample of QC results and, if a repeat sample is performed, how many samples are repeated. For repeat-sampling strategies 1 and 3, there are only 2 decisions that can be made on the basis of the first sample of QC results: either accept the results or obtain a second sample. For repeatsampling strategies 2 and 4, there are 3 decisions that can be made on the basis of the first sample QC results: accept, reject, or obtain a second sample. For repeatsampling strategies 1 and 2, if a second sample is obtained, only the sample concentrations that initially exceeded their limits are repeated. For repeat-sampling strategies 3 and 4, if a second sample is obtained, all sample concentrations are repeated.
For the case n ϭ 2, we compared the 4 repeatsampling strategies to the 1:2s rule, 1:3s rule, and the 1:3s/2:2s/R:4s multirule. For the case n ϭ 3, we compared the 4 repeat-sampling strategies to the 1:2s rule, 1:3s rule, and the 1:3s/2of3:2s/R:4s multirule. These QC rules, along with many others, have been described in the clinical laboratory literature (4 ). The 1:2s QC rule rejects if any QC measurement is more than 2 SDs from its target value. The 1:3s QC rule rejects if any QC measurement is more than 3 SDs from its target value. With 2 QC concentration levels, the 1:3s/2:2s/R:4s multirule rejects if any QC measurement is more than 3 SDs from its target value, both QC measurements are more than 2 SDs above target, both QC measurements are more than 2 SDs below target, or the range of the deviation of each QC measurement from its target exceeds 4 SDs. With 3 QC concentration levels, the 1:3s/ 2of3:2s/R:4s multirule rejects if any QC measurement is more than 3 SDs from its target value, any 2 of 3 QC measurements are more than 2 SDs above target, any 2 of 3 QC measurements are more than 2 SDs below target, or the range of the deviation of each QC measurement from its target exceeds 4 SDs.
We compared QC rules on the basis of their false-rejection and error-detection rates (power curves) for detecting systematic error (SE) 2 out-ofcontrol conditions. For the repeat-sampling strategies, the total number of QC examinations can vary each time the QC rules are evaluated, so we also computed the in-control average number of QC examinations per QC evaluation.
Probability of error detection (P ed ) and average number of QC examinations per QC rule evaluation (N Q ) were derived mathematically for the repeatsampling QC rules and validated by simulating 1 000 000 QC rule evaluations. P ed was derived mathematically for the 1:2s and 1:3s QC rules and was computed by simulating 100 000 000 rule evaluations for the 1:3s/2:2s/R:4s and 1:3s/2of3:2s/R:4s multirules. Performing 100 000 000 simulations ensured that the 95% CIs for the computed probabilities were always Ͻ0.0001, matching the number of digits reported in the tables.
Results
The mathematical formulas to compute P ed and N Q for each of the 4 repeat-sampling QC strategies are given in Table 2 . More detail regarding the derivations of P ed and N Q is given in the Appendix in the Data Supple- Else, repeat the control that exceeded its control limit.
If the repeated result is within control limits, then accept.
Else, reject and begin troubleshooting. 
ment, which accompanies the online version of this article at http://www.clinchem.org/content/vol58/ issue5. The online Data Supplement also gives plots showing probabilities of error detection on the basis of 1 million simulated QC rule evaluations that confirm the validity of the mathematical derivations for each of the 4 repeat-sampling strategies when n ϭ 2 and n ϭ 3. The probabilities of error detection with 2 concentration levels of control material are given in Table 3 . We evaluated SE conditions ranging from 0 to 5 SD and compared the 4 repeat-sampling strategies as well as the 1:2s and 1:3s QC rules and the 1:3s/2:2s/R:4s multirule. The first row of Table 3 (SE ϭ 0) gives the falserejection rate for each QC rule; the last row of Table 3 gives the average number of QC examinations per QC evaluation for the in-control process.
All of the repeat-sampling strategies slightly increase the overall utilization rate of control material. The increase in utilization rate is determined by the probability that the QC rule will trigger a repeat sample and the number of control samples that are examined if a repeat sample is obtained. If only the control sample concentrations that initially exceeded their limits are repeated (repeat strategies 1 and 2), then the increase in utilization rate is approximately equal to the probability that a QC result will be more than 2 SDs from its target value when the process is in control (about 4.5%). If all control sample concentrations are repeated when a repeat sample is obtained (repeat strategies 3 and 4), then the increase in utilization rate is approximately the number of control levels multiplied by the probability that a QC result will be more than 2 SDs from its target value when the process is in control (2 * 4.5% ϭ 9%). Fig. 1 displays power function curves for each of the QC rules listed in Table 3 . The repeat-sampling strategies are seen to behave more like the 1:3s QC rule for small out-of-control conditions and more like the 1:2s QC rule for large out-of-control conditions. Of the 4 repeat- sampling strategies, strategy 4 has the highest power and strategy 1 has the lowest power. All 4 repeat-sampling strategies have higher power than the 1:3s/2:2s/R:4s multirule. Table 4 gives the probability of error detection and the average number of QC examinations per QC evaluation for the 4 repeat-sampling strategies as well as the 1:2s and 1:3s QC rules and the 1:3s/2of3:2s/R:4s multirule when 3 concentration levels of control material are examined. Fig. 2 displays power function curves for each of the QC rules listed in Table 4 . As in the case with 2 concentration levels of control material, repeatsampling strategy 4 has the highest power and repeatsampling strategy 1 has the lowest power among the repeat-sampling strategies. In this case, however, the 1:3s/2of3:2s/R:4s multirule has greater power than repeat-sampling strategy 1 but less power than repeatsampling strategies 2-4. Again, the repeat-sampling strategies result in a slight increase in control material utilization rate (4%-13%).
Discussion
The tables and figures demonstrate that the repeatsampling strategies provide an effective tactic that takes advantage of desirable properties of both the 1:2s and 1:3s QC rules. The false-rejection rates of the repeatsampling strategies are low, like those of the 1:3s QC rule, yet the error detection rates for the repeatsampling strategies approach the error detection rate of the 1:2s QC rule as the magnitude of SE increases. Repeating all control samples when repeat testing is performed (repeat strategies 3 and 4) provides greater power than only repeating the controls that exceeded their limits in the initial sample (repeat strategies 1 and 2), but at a slight increase in control material utilization. Additionally, allowing an immediate QC rule rejection if more than 1 QC sample result exceeds its limit in the initial sample increases the error detection rate and slightly reduces the control material utilization of the repeat strategy (compare repeat strategy 2 to 1 and repeat strategy 4 to 3).
We also computed power curves for the repeatsampling strategies to detect out-of-control conditions that increase the analytic imprecision of the process (random error out-of-control conditions) (online Data Supplement). For random error out-of-control conditions, only repeat-sampling strategies 3 and 4 -which repeat all QC concentration levels when repeat testing is performed-are effective. Repeat sampling strategies 1 and 2-which repeat only the QC concentration level that exceeds its limit in the initial sample-are no more effective than a 1:3s QC rule. Repeat sampling strategy 3 has approximately the same power as the 2 multirules evaluated here. Repeat sampling strategy 4 is still superior to the other repeatsampling strategies and the multirules. Thus, for detecting out-of-control conditions that increase analytic imprecision, it is important that a repeat-sampling strategy repeat all the QC concentration levels initially examined.
The 4 repeat-sampling strategies investigated here were chosen because our experience suggested they were similar to the approaches taken by laboratories that will repeat an initial QC rule violation. However, they are only a small subset of the many different repeat-sampling strategies that could be envisioned (5 ) . In general, a repeat-sampling QC strategy can be defined by 4 design parameters: the number of control samples tested in the initial sample, the QC rules applied to the initial QC sample results, the number of control samples tested if a repeat sample is obtained, and the QC rules applied to the repeated QC sample results to decide acceptance or rejection. Nothing requires the number of QC samples tested in the initial and repeat samples be the same, or that the QC rules applied to the initial QC sample results be the same QC rules applied to the repeated sample results. Investigating the probability of error detection and control sample utilization for other possible repeat-sampling strategies might prove valuable.
Contrary to the notion that repeating an initial QC rule violation is a misguided practice, we show that a QC strategy that permits a planned repeat sample to be tested in the event of an initial QC rule violation can improve out-of-control error detection ability with only a slight increase in control material utilization rate. The secret to the repeat-sampling strategy's performance characteristics is that it is more likely to require extra QC examinations when the testing process is truly out of control (improving power), but less likely to require the extra QC examinations when the process is in control (reducing cost). For example, when 2 QC concentration levels are initially examined, there is an 8.7% chance that repeat-sampling strategy 4 will obtain a repeat sample if the process is in control. If a 2 SD systematic error out-of-control condition exists, however, there is a 50% chance that a repeat sample will be obtained. A repeat testing strategy provides a datadriven tactic to decide when to examine additional QC samples.
In summary, laboratories should design their QC strategies on the basis of the performance characteristics of their test methods and the allowable total error requirements for each analyte. A repeat-sampling QC strategy is not the best approach for all circumstances; it simply adds another group of candidate QC rules to the list of possibilities a laboratory should consider. Our work suggests that laboratories that currently use 1:2s, 1:3s, 1:3s/2:2s/R:4s, or 1:3s/2of3:2s/R:4s QC rules might want to consider the merits of adopting a repeatsampling strategy.
